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Cell cycle checkpoints are critical for genomic stability.
Rad17, a component of the checkpoint clamp loader
complex (Rad17/Rfc2-5), is required for the response to
DNA damage and replication stress. To explore the role
of Rad17 in the maintenance of genomic integrity, we
established somatic conditional alleles of RAD17 in hu-
man cells. We find that RAD17 is not only important for
the Atr-mediated checkpoint but is also essential for cell
viability. Cells lacking RAD17 exhibited acute chromo-
somal aberrations and underwent endoreduplication at a
high rate. Therefore, RAD17 links the checkpoint to
ploidy control and is essential for the maintenance of
chromosomal stability.
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The DNA damage and replication checkpoint is essen-
tial for the maintenance of genomic stability. Recent
studies have established a framework of the signal trans-
duction process in mammalian cells (Zhou and Elledge
2000; Rouse and Jackson 2002). Two protein kinases of
the PI-3-related protein family, Atm and Atr, are key
components of the pathway. Both Atm and Atr are im-
portant for the maintenance of genomic stability. Atm is
primarily involved in the response to double-strand
DNA breaks (DSBs), whereas Atr responds to both DSBs
and other damage causing replication stress (Abraham
2001). Current evidence suggests that Atr and Atm are
signal-initiating kinases for the checkpoint kinase cas-
cade that leads to activation of downstream targets in-
cluding Brca1, Chk1, Chk2, p53, and Nbs1. How Atr or
Atm is activated by DNA damage and how other com-
ponents of the checkpoint are involved in the activation
process, however, remains to be elucidated.

In fission yeast, activation of the rad3-dependent
checkpoint requires Rad1, Rad9, Hus1, and Rad17 (Mar-

tinho et al. 1998). Rad1, Rad9, and Hus1 form a trimeric
complex resembling the PCNA trimer that acts as a slid-
ing clamp for DNA polymerases during DNA synthesis
and interacts with proteins involved in cell-cycle con-
trol, DNA repair, and chromatin assembly (Kaur et al.
2001). The Rad17 protein is conserved with subunits of
the replication factor C (RFC), which loads the PCNA
clamp onto primed DNA structure. In human cells,
Rad17 was found to be in a heteropentameric complex
with RFC subunits. Meanwhile, Rad17 also interacts
with the Rad1/Rad9/Hus1 trimer (Volkmer and Karnitz
1999; Caspari et al. 2000; Lindsey-Boltz et al. 2001).
Therefore, a checkpoint sliding clamp-loader model for
lesion recognition has been proposed (O’Connell et al.
2000; Venclovas and Thelen 2000). Rad3-mediated
Rad26 phosphorylation, however, has been observed in
fission yeast in the absence of the clamp-clamp loader
proteins (Edwards et al. 1999). Similarly in budding
yeast, the Atr/Atrip homolog, Mec1/Ddc2, and the
checkpoint clamp and clamp loader complex (Rad17/
Ddc1/Mec3-Rad24/Rfc2-5 in budding yeast) could both
localize to the damage site independently (Kondo et al.
2001; Melo et al. 2001). These observations suggest that
the clamp-loader complex may not be essential for dam-
age recognition of the Mec1 or Rad3 kinases. More re-
cent studies in humans suggest that Rad17 is required for
loading the Rad1/Rad9/Hus1 clamp onto damaged DNA
and may act to facilitate Atr-dependent phosphorylation
of downstream targets (Zou et al. 2002). In this study, we
have shown that the function of RAD17 is critical in the
Atr-dependent checkpoint signal initiation and is also
important in the maintenance of genomic stability.

Results and Discussion

Generation of RAD17 somatic conditional alleles

To investigate the function of the clamp-loader complex,
we performed gene targeting in human HCT116 colon
epithelial cells and constructed a conditional RAD17-
null cell line (RAD17flox/−), in which one allele of
RAD17 is disrupted by an in-frame insertion of the neo-
mycin coding sequence, whereas the second allele has
two lox sites flanking exon 5 (Fig. 1A,B). The amount of
Rad17 in RAD17flox/− cells exhibited ∼50% reduction be-
fore adenovirus-mediated Cre incision, indicating that
the presence of lox sites flanking exon 5 in the condi-
tioned allele has minimum effect on RAD17 transcrip-
tion or splicing. Upon adenovirus-mediated Cre incision,
a decline in the amount of Rad17 could be detected
within 2 d and the level of Rad17 became nearly unde-
tectable by 4 d post infection, indicating a highly effi-
cient removal of the conditional exon 5 in the
RAD17flox/− mutant cells (Fig. 1C). As a control, cellular
levels of the Rad9 protein were unaffected by Ad–Cre
infection. However, loss of Rad17 severely inhibited
damage-induced chromatin association of the Rad9 pro-
tein, which may be important for the recruitment of down-
stream targets (Zou et al. 2002; Supplemental Fig. 1).
RAD17 is essential for cell viability as assessed by clo-

nogenic analysis. We found that >90% of Ad–Cre-in-
fected RAD17flox/− cells were unable to form colonies,
whereas RAD17flox/+ cells (with one wild-type RAD17
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allele) showed no difference compared with RAD17+/+

cells, indicating that Rad17 is essential for sustained cell
growth. However, the majority of RAD17flox/− cells re-
mained viable 5 d after Ad–Cre infection, allowing fur-
ther phenotypic analysis of the loss-of-function Rad17
mutant (Supplemental Fig. 2).

Loss of RAD17 function leads to checkpoint
signaling defect

To study the role of Rad17 in Atm- and Atr-mediated
checkpoint activation, we examined damage-induced
phosphorylation of Atm and Atr kinase targets. In
RAD17+/+ cells, UV treatment induced Chk1 phosphory-
lation on Ser 345, whereas �-radiation induced Thr 68
phosphorylation on Chk2 (Matsuoka et al. 2000; Abra-
ham 2001). In two independently derived RAD17flox/−

mutants, however, phospho-Ser 345 on Chk1 was dras-
tically reduced (Fig. 2B), indicating that the clamp-loader
complex is required for Atr-mediated Chk1 phosphory-
lation. In contrast, IR-induced Thr 68 phosphorylation of
Chk2 was not affected by loss of Rad17 (Fig. 2C). Simi-
larly, damage-induced phosphorylation of Smc1 and
Nbs1, which both rely on Atm for activation (Lim et al.
2000; Zhao et al. 2000; Kim et al. 2002; Yazdi et al. 2002),

appeared to be normal in the absence
of Rad17 (Fig. 2D,E). Together, these
results suggest that Atm activation is
independent of the clamp–clamp-
loader complex. Furthermore, we
found that the Chk2 Thr 68 phos-
phorylation was significantly en-
hanced in response to UV irradiation,
which normally induces a low level of
Chk2 phosphorylation in wild-type
cells. This result suggests that the de-
fect in Atr signaling caused by loss of
Rad17 may allow Atm to have a com-
pensatory role in activating the Chk2
kinase on UV damage, as double-
strand breaks resulting from DNA
damage-induced stalled replication
forks could provide an alternative
route for activating the Atm kinase.
Such a crossover in downstream sub-
strate selection, observed in fission
yeast (Martinho et al. 1998), may offer
secondary or compensatory protec-
tion against genotoxic agents in case
one DNA damage-sensing branch is
compromised.

Damage-induced mitotic delay is
defective in loss of RAD17
function mutant

We next examined the radiation-in-
duced G2/M checkpoint in cells lack-
ing Rad17. RAD17+/+, RAD17flox/−,
and ATRflox/− cells were infected with
Ad–Cre and subsequently exposed to
�-radiation. Entry into mitosis was
measured by flow cytometry com-
bined with phospho-histone H3 im-
munofluorescent staining (Fig. 3A,B).

In RAD17+/+ cells, mitotic entry was effectively delayed
by radiation treatment. In RAD17flox/− cells, however,
the mitotic population was significantly higher, indicat-
ing a defective G2/M checkpoint resulting from loss of
Rad17. In addition to the erroneous entry into mitosis
upon radiation, RAD17flox/− cells also retained a persis-
tent G1/G0 population despite 16 h of nocodazole block
(Fig. 3B). A higher percentage of G1/G0 cells was also
observed in Ad–Cre-infected RAD17flox/− cells without
�-radiation. This result suggests that the majority of
these cells were noncycling cells, presumably arising
from accumulated chromosomal damage through loss of
Rad17. In ATRflox/− cells similarly treated, emergence of
a prominent G1/G0 population was not observed. We
believe that the acute onset of chromosomal breakage in
the Atr-null cells, as shown in the subsequent experi-
ment, may more rapidly promote apoptotic cell death
(Cortez et al. 2001) instead of accumulation of G1/G0
cells.

The radiation-resistant mitotic entry of RAD17flox/−

cells was also independently assessed by microscopic la-
ser-scanning cytometry using phospho-histone H3 stain-
ing (Fig. 3C). Consistent with the flow cytometry analy-

Figure 1. Generation of a conditional RAD17 allele in human somatic cells. (A) Targeting
strategy for establishing a conditional RAD17 allele. Construct 1 contains a duplicated exon
5 as well as an exon 5 disrupted in-frame with the complete coding sequence of the neomycin
resistance (Neo) gene and polyadenylation sequence (black squares). Three lox sites (triangles)
were positioned as indicated. Following targeting with Construct 1, exon 5 with the Neo
insertion was removed by selective Cre incision between the first two lox sites to generate the
Conditional allele and allow recycle of the Neo marker. A second round of targeting with
Construct 2 generated the Inactivated allele. (B) Southern blot analysis of genomic DNA
isolated from the indicated cell lines after digestion with SpeI. +/+, RAD17 wild-type HCT116
cells by the presence of wild-type alleles (8.1 kb); flox/+, cells that had been successfully
targeted with Construct 1, showing a wild-type band and band 1 (9.6 kb); flox/−, cells with the
Inactivated allele (band 3, 8.5 kb) and the Conditional allele (band 3, 7.3 kb). A SpeI site
immediately downstream of the last lox site in both Construct 1 and 2 reduced the length of
the conditional allele band (band 3) by 0.8 kb, compared with the wild-type band. (C) Immu-
noblot analysis of RAD17flox/− cells 3 d after Ad–Cre and Ad–GFP infection, respectively. The
loss of the Rad17 protein was nearly complete whereas Rad9 levels remained constant in both
cells.
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sis, IR treatment decreased mitotic fraction in RAD17+/+

cells to <10% of the mock treated cells, whereas in
RAD17flox/− and ATRflox/− cells, such reduction were
24.3% and 53.8%, respectively. Mitotic index analysis
performed in parallel also generated similar results (Fig.
3D) in which loss of Rad17 enabled cells to enter mitosis
in the presence of DNA damage. Collectively, these data
again indicate an important role for Rad17 in DNA dam-
age-induced mitotic delay.

Chromosomal instability and endoreduplication
derived from RAD17 deletion

To assess the consequence of loss of Rad17 on chromo-
somal stability, we examined metaphase chromosome
spreads 5 d after the conditioned RAD17 allele was re-
moved via Ad–Cre infection. In RAD17+/+ cells infected
with Ad–Cre, 1%–3% of metaphase chromosomes ex-
hibited tetraploidy, whereas >97% were normal diploid
(Fig. 4A). In the RAD17flox/+ cells (with one wild-type
RAD17 allele), all 100 metaphase spreads examined were
normal diploid (Fig. 4B). In RAD17flox/− cells (clone
KO43), 75% of metaphase chromosomes showed struc-
tural aberrations including breaks, gaps, pulverized mor-

phology, rings, dicentrics, and loss of chromosomes (Fig.
4C). Intriguingly, approximately half (58%) of the aber-
rant metaphase spreads also appeared to have undergone
endoreduplication (rereplication; Fig. 4D), as indicated
by the unresolved multiple chromatids structure. The

Figure 3. DNA damage-induced mitotic entry delay is impaired in
RAD17flox/− mutant cells. (A) Mitotic entry checkpoint in
RAD17flox/− cells. RAD17+/+, RAD17flox/−, and ATRflox/− cells were
infected with Ad–Cre for 2.5 d and exposed to IR (10 G). Nocodazole
(1 µg/mL) was added to the medium at the time of IR treatment to
retain cells that have entered into mitosis. Sixteen hours later, cells
were harvested for propidium iodide staining and immunostaining
with an antibody to phospho-histone H3, a mitotic indicator, fol-
lowed by FITC-conjugated secondary antibody. Flow cytometry was
performed to determine DNA contents as well as the percentage of
phospho-histone H3-positive cells. (B) Comparison of cell cycle dis-
tributions on DNA damage (10 Gy) in RAD17+/+, RAD17flox/−, and
ATRflox/− cells. Cell cycle distribution was derived from flow cytom-
etry analysis in A. The percentage of G2 cells was derived by sub-
tracting the percentage of cells in mitosis from G2–M as determined
by flow cytometry. (C) Samples prepared similarly as in A were
analyzed by a laser scanning cytometer to determine phospho-his-
tone H3-positive cells. Decrease in the mitotic cell fraction, induced
by IR treatment, was expressed by the ratio of phospho-histone H3-
positive cells between IR-treated and mock treated cells with each
genotype. At least 5000 cells were scanned from each sample slide.
(D) Mitotic index analysis by Giemsa staining after the indicated
cells were treated with �-radiation (10 G). Mitotic population is
indicated as a percentage of total cell number. Each experiment was
performed multiple times and representative results are shown.

Figure 2. Defects in DNA damage-induced checkpoint activation
in RAD17flox/− mutant cells. Wild-type (RAD17+/+) and mutant
(RAD17flox/−) cells were exposed to �-radiation (20 G) or UV (50 J/m2)
3.5 d after Ad–Cre infection. Cells were harvested for protein extract
preparation 2 h after treatment. The numbers 43 and 10 designate
two independent RAD17flox/− clones—KO43 and KO10, respec-
tively. (A) Rad17 levels in each mutant at the time of protein har-
vest. (B) Immunoblot with a phospho-Ser 345-specific Chk1 anti-
body. (C) Immunoblot analysis with a phospho-Thr 68-specific
Chk2 antibody. (D) Immunoblot with a phospho-Ser 966-specific
Smc1 antibody. (E) Immunoblot with an anti-Nbs1 antibody, show-
ing unaltered Nbs1 phosphorylation pattern on DNA damage. (F)
�-actin as loading control.
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degree of endoreduplication ranged from partial to nearly
complete (Supplemental Fig. 3). Subsequent experiments
were performed to ensure that the observed chromo-
somal abnormality was not caused by a secondary unre-
lated mutation or clonal variations. Analysis of another
independent RAD17flox/− mutant (clone KO10) also
showed similar chromosomal abnormalities, including
endoreduplication. The progressiveness of the chromo-
somal aberrations was also observed. RAD17flox/− cells

analyzed 3 d after Ad–Cre infection showed aberrant
chromosomal structures in ∼40% of the metaphase
spread, but again, half of these exhibited partial or com-
plete endoreduplication. Meanwhile, the early cell death
of the Atr mutant (day 3) precludes the examination of
endoreduplication at the time (day 5) when endoredupli-
cation was primarily observed in the RAD17 mutant.

To confirm the cytogenetics observation of endore-
duplication, we analyzed the DNA content of the
RAD17flox/− cells by flow cytometry. RAD17+/+ and
RAD17flox/− cells were infected with Ad–Cre for 3 d and
cultured for an additional 2 d in the presence of noco-
dazole. The addition of nocodazole (200 ng/mL) blocked
the onset of mitosis and allowed accumulation of cells
with endoreduplicated DNA contents. Consistent with
the observations in metaphase chromosome spreads,
27% of RAD17flox/− cells displayed greater than 4N DNA
contents 4 d after Ad–Cre infection. In contrast,
RAD17+/+ cells had 12% cells with greater than 4N DNA
contents (Fig. 4E). Moreover, the emergence of cells with
greater than 4N DNA content could not be suppressed
by nocodazole treatment, suggesting that mis-segrega-
tion during mitosis was not responsible for cells with
increased DNA content. It should be noted that the
value of 12% hyperdiploid cells in the wild-type samples
as measured by FACS is misleading. To account for in-
creases in cell size of RAD17 mutant cells during the
course of this experiment, we used a wide gating param-
eter that allowed the inclusion of a small number of
two-cell aggregates that artificially increased the appar-
ent number of hyperdiploid cells. When actual chromo-
some numbers were counted, <0.5% hyperdiploid cells
were detected in cells containing a wild-type RAD17 al-
lele. Taken together, these observations seem to suggest
a role of RAD17 in replication control. One possibility
could be that loss of RAD17 allows replication licensing
and results in re-firing of origins during the G2 phase
before the intervening mitosis (Blow and Hodgson 2002).

We also investigated the accumulative effect of loss of
Rad17 and Atr on chromosomal stability. Cells with the
indicated genotypes were subjected to Ad–Cre infection
and chromosomal breakage was analyzed for three con-
secutive days after infection. As shown in Figure 4F, loss
of either Rad17 or Atr resulted in dramatic increase in
chromosomal breakage and the number of breaks per cell
accumulated with time. This result implicates frequent
internal DNA damage, some of which presumably arises
from replication disruption in proliferating cells, re-
flected by the acute onset and high frequency of chro-
mosomal abnormalities on loss of Rad17 and Atr.

Our results indicate that RAD17 is critical for Atr-
dependent checkpoint signaling but is dispensable for
damage-induced Atm activation. Therefore, the role of
the clamp-loader complex may be to specifically facili-
tate Atr’s function at the site of DNA damage. More
interestingly, loss of Rad17 leads to DNA endoredupli-
cation in a significant portion of the mutant cells as
our cytogenetics data demonstrate that regions of chro-
mosomes were rereplicated in RAD17flox/− cells. Fur-
thermore, nocodazole treatment failed to prevent
RAD17flox/− mutant from producing cells with hyperdip-
loid DNA content, ruling out the possibility that the
rereplicated chromosomes are resulted from mis-segre-
gation during mitosis. Therefore, these observations sug-
gest a link between the Atr–Rad17 pathway and the rep-
lication licensing process in human cells. Such a link

Figure 4. Chromosomal aberrations in RAD17flox/− cells. Meta-
phase chromosome spread of cells with indicated genotype 5 d after
Ad–Cre infection. (A) Normal diploid metaphase spread found in
RAD17+/+ cells. (B) Normal diploid metaphase spread found in
RAD17flox/+ cells. (C) Chromosomal abnormalities in RAD17flox/−

cells. Arrows point to gapped or broken chromosomes. (D) Meta-
phase chromosome spread from RAD17flox/− cells with partially en-
doreduplicated chromosomes. (E) Flow cytometry analysis of
RAD17+/+ and RAD17flox/− cells. Cells were infected with Ad–Cre
for 3 d and subsequently subjected to 48 h of nocodazole block (200
ng/mL). The DNA contents of cells were determined by propidium
iodide staining. The percentage of cells with hyperdiploid DNA con-
tent in the RAD17flox/− mutant was consistently higher than that of
the RAD17+/+ cells. (F) Accumulation of chromosome breaks in
RAD17 and ATR mutants. Cells with indicated genotypes were in-
fected by Ad–Cre (day 0) and metaphase chromosome spreads were
prepared at 3, 4, and 5 d post infection. Breaks per cell were derived
from analysis of 100 metaphase spreads for each sample point.
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may provide a novel mechanism on how gross chromo-
somal aberrations can arrive through a disrupted check-
point.

Notably, the severity of phenotypes in RAD17flox/−

cells is less profound than that of the isogenic ATRflox/−

cells. RAD17flox/− cells survive significantly longer than
ATRflox/− cells and exhibited little apoptotic population
(Cortez et al. 2001). Defect in damage-induced mitotic
delay appears to be less severe in RAD17flox/− cells com-
pared with ATRflox/− cells. Moreover, accumulation of
chromosomal damage is accelerated in ATRflox/− cells
relative to RAD17flox/− cells. These observations suggest
that Atr might carry out some of its functions in a
Rad17-independent manner and consequently limited
the severity of RAD17flox/− phenotypes. In fission yeast,
a low level of HU-induced Cds1 kinase activity was ob-
served in rad17-null mutant (Martinho et al. 1998). Ad-
ditionally, double deletion of rad3 and rqh1, a fission
yeast homolog of the Blooms helicase, constitutes syn-
thetic lethality whereas rad17/rqh1 double deletion is
viable, which suggest Rad17-independent function of the
Rad3 kinase (Murray et al. 1997; Edwards et al. 1999).
These findings seem to be consistent with the notion
that Atr may provide some protection in the RAD17mu-
tants. It is also important to note that these phenotypic
distinctions could still be affected by residual amounts
of Rad17 present in these cells, despite the fact that both
mutants exhibited nearly complete target protein re-
moval with similar kinetics.

Our results have uncovered a link between the Rad17-
mediated checkpoint and the ploidy control in human
cells. Notably, significant portions of the chromosomes
were rereplicated in the RAD17 mutant cells, indicating
that these cells did not just replicate promiscuously, but
instead, they had initiated a new round of DNA synthe-
sis before mitosis. In fission yeast, reinitiation of DNA
replication from fired origins is inhibited mainly by the
B-type cyclin/CDKs associating with these origins (Wua-
rin et al. 2002). In contrast, vertebrate cells use multi-
ple mechanisms, including cyclin/CDKs and geminin
(Wohlschlegel et al. 2000; Tada et al. 2001; Coverley et
al. 2002) to prevent reinitiation of DNA replication. Like
the B-type cyclin/CDK in fission yeast, Xenopus Atr and
Rad9 are also recruited onto chromatin during the ini-
tiation of DNA replication (You et al. 2002). It is possible
that Atr and Rad17 may associate with fired origins and
function in conjunction with the cyclin/CDKs to pre-
vent reinitiation. Alternatively, the Atr–Rad17 pathway
may generate a signal of ongoing replication that inter-
feres with the licensing of origins. It is also possible that
the ATR–Rad17 pathway might prevent rereplication
through a more indirect mechanism.

Our findings provide direct evidence that the RAD17
gene has a crucial role in the maintenance of chromo-
somal stability. Cells lacking the RAD17 gene not only
accumulate DSBs but also rereplicate their chromo-
somes, underscoring the importance of Rad17 in pre-
venting chromosomal aberrations frequently displayed
by cancer cells. Specific alleles of RAD17 may yield vi-
able separation of function mutants and promote tumor-
genesis despite the fact that complete loss of Rad17 leads
to cell death. Our group and others have shown that
Rad17 exhibits damage-induced phosphorylation on Ser
635 and Ser 645 in an Atm/Atr-dependent manner (Bao
et al. 2001; Wang et al. 2001; Zou et al. 2002). A Rad17
mutant bearing Ala substitutions on both serines, how-

ever, was able to rescue the cell lethality of the
RAD17flox/− mutant (X. Wang and L. Li, unpubl.). Such
mutations are likely candidates for RAD17 tumorgenic
alleles.

Material and methods

Cell lines and antibodies
The human colon epithelial HCT116 cell line used for the generation of
RAD17 mutants was obtained from ATCC. The Atrflox/− cell lines has be
been described previously (Cortez et al. 2001). All cells were maintained
in DMEM plus 10% FCS. The polyclonal antibodies against phospho-
Chk1 (Ser 345) and phospho-Chk2 (Thr 68) were products of Cell Signal-
ling Technology. The monoclonal antibody against Chk1 was purchased
from Santa Cruz Technology. Rabbit antibody against Rad17 was raised
against a recombinant protein containing Leu 311 to Ala 614 (Wang et al.
2001). Antibody against Nbs1 was obtained from Novus Biologicals.
Phospho-Ser 966 Smc1 antibody was a kind gift from Jun Qin (Baylor
College of Medicine, Houston, TX). Ad–Cre was produced by the Gene
Therapy Center (Baylor College of Medicine, Houston, TX). Ad–GFP–Cre
was a kind gift from Jeffrey Rosen (Baylor College of Medicine, Houston,
TX). Where indicated, Cells were irradiated with a Nasatron 137Cs source
at a dose rate of 4.3 Gy/min at room temperature. UV irradiation was
delivered from a (254-nm) germicidal light.

Homologous targeting
Exon 5 was selected for targeting because the first coding exon (exon 2) is
at a close proximity to the promoter region (<0.7 kb), prohibiting the
promoter-trapping design strategy essential for somatic cellular target-
ing. Exons 3 and 4 are not frame-interrupting exons. Therefore, exon 5
(158 bp), a frame-interrupting exon, was chosen to establish the condi-
tional allele. Deletion of exon 5 will effectively eliminate Gly 118
through Thr 670 of Rad17 on Cre-mediated deletion. To ensure that the
neo gene is still functional as a fusion protein, the exact fusion (Rad17
Met 1–Gln 117 upstream and in-frame with Neo-coding sequence) that
would be produced in the targeted allele was tested and found to exhibit
sufficient Neo activity for G418 selection.

After transfection with Construct 1, 960 Neo-resistant colonies were
screened by Southern blot. Two clones, 17B12 and 17G36, were found to
be correctly targeted judging from both 5� and 3� probes located outside
the homologous arms. Before targeting the second RAD17 allele, karyo-
typing analysis and cell-cycle damage response of both heterozygous mu-
tants were analyzed and compared with the parental HCT116 cells and
no haploinsufficiency was observed. Subsequently, the 17B12 mutant
was subjected to partial Cre-mediated incision to remove the Neo-in-
serted exon 5. Both Southern blot and PCR analysis were performed to
ensure the precise removal of the Neo-inserted exon 5. The resulting cell
line, carrying a conditioned exon 5, was targeted with Construct 2 to
inactivate the remaining wild-type allele. Two independent clones,
KO10 and KO43, were found correctly targeted among 576 Neo-resistant
colonies. Western blot was performed to determine if any truncated
forms of Rad17 could be expressed from the disrupted alleles. A poly-
clonal antibody against the C-terminal half of Rad17 (Leu 311–Ala 614)
detected no truncated forms of Rad17 in all the mutant cell lines used in
this study.

Cell cycle analysis
Cells were harvested by trypsinization, fixed with ice-cold 70% ethanol.
The DNA content is analyzed by standard flow cytometry procedures
using propidium iodide (PI) staining. For immunofluorescent detection of
phospho-histone H3, fixed cells were resuspended in 0.25% Triton X-100
in PBS and incubated on ice for 15 min and then incubated at room
temperature for 3 h in PBS containing 1% BSA and 100 µg/mL of a mouse
anti-phospho-histone H3 antibody (Sigma). Secondary staining was car-
ried out with PBS containing 1% BSA and FITC-conjugated goat anti-
mouse antibody (Jackson ImmunoResearch Laboratories) diluted at a ra-
tio of 1:50. After a 30-min incubation at room temperature in the dark,
cells were stained with PI and cellular fluorescence was measured by a
FACScan flow cytometer. Each flow sample produced no less than 9000
gated events. Alternatively, the DNA content and fluorescence were
measured by a laser scanning cytometer (CompuCyte, Inc.), in which
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case no less than 5000 cells were scanned from each sample. Mitotic
index was determined by counting mitotic cells after Giemsa staining.

Cytogenetic analysis
Colcemid (20 ng/mL) was added to cell culture 2 h before harvesting by
trypsinization. Cells were then swollen for 10 min at 37°C in 0.075M
KCl, and fixed for 20 min in methanol: acetic acid (3:1; vol:vol). Fixed
cells were spotted onto microscopic slides and stained by 4% Giemsa in
0.01 M phosphate buffer (pH 6.8). For each sample, chromosomal break-
age in 100 or 200 well-spread metaphase was counted. To ensure the
accuracy of chromosome break scoring, blind samples were also inde-
pendently analyzed by the cytogenetics core facility (MDACC).
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